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Remarks 

Applicant and his representatives wish to thank Examiner Sullivan for the thorough 
examination of the present application and the detailed explanations in the Office Action dated 
June 14, 2007, including . The following remarks shall further summarize and expand upon 
topics discussed. 

The present invention relates to a method for forming a metal line. The method (as set 
forth in Claim 1) generally comprises: 

a) stacking a lower insulating layer, a lower metal line and an upper 
insulating layer; 

b) patterning a first photosensitive film on the upper insulating layer; 

c) using the patterned first photosensitive film as a mask, etching the upper 
insulating layer until at least a portion of the lower metal line is exposed; 

d) filling an etched portion of the upper insulating layer with a nitride film; 

e) patterning a second photosensitive film over the lower metal line and the 
nitride film; 

f) using the second photosensitive film as a mask, etching the lower metal 
line until the lower insulating layer is exposed to form a lower metal line 
pattern; 

g) depositing an IMD (Inter Metal Dielectric) layer on the lower metal line 
pattern and the nitride film, thereby forming an air gap in the IMD layer 
between lines in the lower metal line pattern; 

h) planarizing the IMD layer to expose the nitride film; 

i) removing the nitride film, thereby fomu^^^nl^ct hole in the IMD layer 
exposing & uppj^ 

j) filling the contact hole with a conductive material ; and 
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k) depositing an upper metal line over the conducti ve material. 

The present method forms an air gap in an intermetal dielectric (IMD) layer between 
lines in a lower metal line pattern. The air gap is formed as a result of depositing the IMD layer 
on the lower metal line pattern and the nitride film [step g above], which is formed at least in part 
on the lower metal line pattern (i.e., by filling an etched portion of an upper insulating layer 
exposing the lower metal line with a nitride film [step d above], then etching the lower metal line 
until the lower insulating layer is exposed to form a lower metal line pattern [step f above]). 
Then, after forming the air gap in the IMD layer, the nitride film is removed, thereby forming a 
contact hole in the IMD layer exposing an upper surface of the lower metal line. 

None of the references cited against the present claims (Furukawa et al, U.S- Pat. No. 
6,221,704 [hereinafter "Furukawa"], Wang, U.S. Pat. No. 6,159,840 [hereinafter "Wang"], Grill 
et al., U.S. Pat. No. 6,737,725 [hereinafter "Grill"], Gardner et aL, U.S. Pat. No. 5,869,379 
[hereinafter "Gardner"] and Yasushi, JP 2-047840 [hereinafter "Yasushi"]) disclose or suggest 
etching a lower metal line using a second photosensitive film as a mask until the lower 
insulating layer is exposed to form a lower metal line pattern, or depositing. an IMD layer on the 
lower metal line pattern and a nitride film thereon, thereby forming an air gap in the IMD layer 
between lines in the lower metal line pattern (see Claim 1). Consequently, no possible 
combination of the cited references can disclose or suggest all of the limitations of Claim L Asa 
result, the present claims are patentable over the cited references. 

The Rejection of Claims 1-5 fand 7?^ under 35 U.S.C. S 103^ 

The rejection of Claims 1-5 (and, apparently, 7) under 35 U.S.C. § 103(a) as being 
unpatentable over Furukawa and Wang, in view of Grill and Gardner is respectfully traversed. 

Furukawa discloses a process for fabricating a short channel field effect transistor with a 
highly conductive gate (Title). As noted in the final Office Action, Furukawa teaches forming 
second conductive layer 27 on the first conductive-forming layer 4 (col. 7, 11. 54-56, and FIG. 5). 
Suitable conductive materials 27 include tungsten, tungsten silicide, titanium silicide, cobalt 
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silicide and titanium nitride (col. 7, 11. 57-59), Only one of the suitable materials is a metal 
(tungsten); the remaining examples are metal compounds. As will be explained later, under the 
processing conditions disclosed by Furukawa, even that one example of a metal layer is 
converted to a metal compound prior to deposition of the insulator layer in which contact holes 
are formed, 

Significantly, as the conductive forming layer 4, Furukawa discloses only doped 
polysilicon or intrinsic polysilicon with doping ions implanted into it (col. 3, 1L 42-59, and FIGS. 
1-3). To one of ordinary skill in the art, this identifies the stacked structures 3/4/7 and 3/4/27/28 
of Furukawa as a polysilicon line or polycide layer, rather than a metal line or metal layer (see 
Wolf, Microchip Manufacturing, Lattice Press, Sunset Beach, California [2004], pp. 54-55 and 
60-67; and Wolf et ah, Silicon Processing for the VLSI Era, vol. 1, Lattice Press, Sunset Beach, 
California [2000], pp. 723-724, submitted herewith). This distinction is important, in that one of 
ordinary skill in the art would not necessarily apply a process or technique used in forming a 
poly layer to a method of forming a metal layer, or vice versa.. In fact, Furukawa distinguishes 
metal lines Ml from the gate (poly) layer structures 3/4/7 and 3/4/27/28 (sec, e.g., col. 7, 11. 47- 
49 and col. 9, U. 1-7). 

Thus, Furukawa does not disclose stacking a lower insulating layer, a lower metal line 
and an upper insulating layer, as recited in Claim 1 . 

Furthermore, Furukawa does not show adjacent stacked gate structures 3/4/27/28, 
presumably because they are too far apart to be shown on the scale of the drawings in Furukawa. 
Thus, one of ordinary skill in the art would not necessarily conclude that forming an air gap 
between adjacent stacked gate structures is even possible, much less desirable. However, 
assuming for the sake of argument that it might be possible, one of ordinary skill in the art would 
recognize that altering the process of Furukawa to require forming an air gap between adjacent 
stacked gate structures 3/4/27/28 could have catastrophic consequences. The contacts CA (and 
thus the corresponding contact holes) in FIGS. 4 and 8 of Furukawa would have to be formed in 
the same space (i.e., between adjacent stacked gate structures). If the contact hole overlaps the 
air gap, it would be challenging to reliably form uniform contacts CA. For example, the opening 

Page 4 of 12 

PAGE 6133 * RCVD AT 9/13/2007 9:47:54 PM [Eastern Daylight Time] * SVR:USPT0-EFXRF-2/1 9 * DNIS:2738300 * CSID:559 432 6872 * DURATION (mm-ss): 15-00 



SEP-13-200? 18:49 



LAW OFFICES OF 



559 432 6872 P. 007 



Atty. Docket No, PIA3 1 205/ANS/US 
Application No.: 10/764,905 

of the contact hole could be smaller than the combined width of the contact hole and the air gap, 
in which case the opening to the contact hole could close before the combined contact hole and 
air gap was filled with contact-forming material (see Wolf et ah, Silicon Processing for the VLSI 
Era, vol 1, Lattice Press, Sunset Beach, California [2000], pp. 210-211 and 217, submitted 
herewith, which respectively show phenomena resulting in voids when a metal deposited into a 
trench or contact hole by CVD [Fig. 6-47] or sputtering [Fig. 6-53] closes or begins to close at 
the opening before the contact hole is completely filled). A relatively small contact hole opening 
would be expected to result in voids (see Wolf et aL 9 p. 211), which would be expected to 
significantly affect the uniformity of contact resistance, and thus, have an adverse impact on 
yield. Thus, one of ordinary skill in the art would not be at all motivated to modify the process 
or structure of Furukawa to include an air gap between conductive structures, nor would one of 
ordinary skill in the art be at all motivated to substitute the stacked gate structures 3/4/27/28 of 
Furukawa for a stacked lower insulating layer, lower metal line and upper insulating layer typical 
of metallization layers. 

As a result, the disclosure of Furukawa is deficient with regard to (and is arguably 
essentially irrelevant to) the presently claimed method. (It is noted for the record that Furukawa 
heats the wafer to drive dopant from a dopant source into the polysilicon gate and S/D extension 
regions; see col. 8, 11 40-47. At typical dopant drive-in times and temperatures [see Wolf p. 62], 
any metal 27 deposited on polysilicon gate layer 4 in Furukawa may be expected to form silicide 
[see Wolf p. 63], which raises a further question about whether Furukawa discloses a stacked 
lower insulating layer, lower metal line and upper insulating layer, at least where one would 
. remove the nitride film to form a contact hole exposing an upper surface of the lower metal line.) 

Wang discloses forming a metal layer 202 on the substrate 200 as the bottom layered 
conductive line of the metal interconnect (col. 2, 11. 49-51 and FIGS. 1 and 2A). A dielectric 
layer 204 is further formed covering the metal layer 202 and the substrate 200, and thereafter, a 
stop layer 206 is formed on the dielectric layer 204 (for example, a silicon nitride layer; see col. 
2, 11. 51-57 of Wang). A dielectric layer 208 (for example, an oxide layer) is further formed on 
the stop layer 206 (col. 2, 11. 57-59 of Wang). 
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Wang then teaches defining the dielectric layer 208, the stop layer 206 and the dielectric 
layer 204 using a photoresist layer 210, followed by removing the portions of the dielectric layer 
208, the stop layer 206 and the dielectric layer 204 not covered by the photoresist layer 210 to 
form a via opening 212a and an opening 212b where the air-gap is to be formed (col. 2, 11. 60-67 
and FIGS. 1 and 2B). Wang then forms a dielectric material 214 (such as a PECVD oxide layer) 
on the dielectric layer 208 (col. 3, 11. 7-9 and FIG. 2C). The recipe for forming the dielectric 
material 214 is adjusted during the deposition process to result in a dielectric material 214 with a 
slightly inferior step coverage property. The dielectric material 214 thus directly covers the 
dielectric layer 208, sealing the opening 212b (as in FIG. 2B) to form an air gap 213, but not 
completely filling the opening 212b (col. 3, 11. 10-15 of Wang). Furthermore, the dielectric 
material 214 also covers the via opening 212a, resulting in a part of the dielectric material 214 
partially filling the via opening 212a. The height of the dielectric material 214 in the via opening 
212a and the opening 212b is controlled to be above the stop layer 206, which is favorable in 
forming the air-gap 213 and manufacturing the via plug (col. 3> 11. 15-22 of Wang). 

Wang then forms a photoresist layer 216 on the dielectric material 214, and forms a 
trench 218 in the dielectric material 214 and the dielectric layer 208 (see FIGS. 2D-2E and col. 3, 
11. 23-27 of Wang). The trench 218 is formed by anisotropic etching of the dielectrics 214 and 
208 using the stop layer 206 as an etch-stop. The dielectric material 21 4 and the dielectric layer 
208 are completely removed in the via opening 212a to expose the metal layer 202. On the other 
hand, the dielectric material 214 above the air-gap 213, protected by the photoresist layer 216, 
remains (col. 3, 11. 27-37 and FIG. 2E of Wang). 

Thus, like Furukawa, Wang fails to etch the lower metal line using the second 
photosensitive film as a mask. Thus, it is irrelevant whether Wang etches dielectric materials or 
exposes the lower metal layer by etching using the second photosensitive film as a mask. Wang 
fails to cure this deficiency of Furukawa with regard to the present Claim 1 . 

Furthermore, like Furukawa, Wang fails to deposit an IMD layer on the lower metal line 
pattern and the nitride film, thereby forming an air gap in the IMD layer between lines in the 
lower metal line pattern. The air gap 213 in Wang is formed in dielectric layers 204 and 208 
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(FIG. 2B), or between dielectric layer 214 and substrate 200 (FIG. 2C) by deposition of dielectric 
layer 214, (Stop layer 206 of Wang corresponds to the present nitride layer.) Thus, to the extent 
that depositing dielectric layer 214 forms air gap 213, the air gap 213 is not in dielectric layer 
214, but in one or more other dielectric layers, or between dielectric layer 214 and another 
structure. Thus, Wang fails to cure this second deficiency of Furukawa with regard to the 
present Claim 1 . 

According to Furukawa, the second insulating layer 5, the second conductive layer 27 
and the conductive material 4 axe etched using the third insulating material 28 as a mask, to form 
a part of the gate stack (see col. 8 ? 11. 24-36). However, according to Wang, a photoresist layer 
216 is used as a mask to define the dielectric material 214 and the dielectric layer 208 (see coL 3, 
11. 23-39). Thus, Furukawa discloses etching a lower conductor until the lower insulating layer is 
exposed, but not using a photosensitive film as a mask to do so. By contrast, Wang discloses 
using a second photoresist layer as an. etch mask, but to pattern a dielectric material- As a 'result, 
it is considered improper to use the combination of Furukawa and Wang as a basis for finding 
the step of etching the lower metal line using the second photosensitive film as a mask. It is 
believed that etching conditions are generally determined according to the material(s) being 
etched and the material used as a mask. Consequently, processes for etching a conductor may 
not be interchangeable with processes for etching a dielectric, and processes for etching using a 
photoresist layer may not be interchangeable with processes for etching using a dielectric 
material as a hard mask. 

(It is further noted that Wang, like Furukawa, fails to teach, disclose or suggest 
planarizing dielectric layer 214 to expose stop layer 206, thereby failing to teach or suggest the 
presently claimed step of planarizing the IMD layer to expose the nitride film, or filling an 
etched portion of the upper insulating layer with a nitride film.) 

Grill and Gardner fail to cure the deficiencies of Furukawa and Wang. 

Grill discloses-a method for foimmg^m^ that includes 

interconnected conductive wiring and vias spaced apart by a combination of solid or gaseous 
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dielectrics (Abstract, IL 1-4). The method includes the steps of: (a) forming a first planar via 
plus line level pair embedded in a dielectric matrix formed from one or more solid dielectrics, 
wherein at least one of said solid dielectrics is at least partially sacrificial; (b) etching back 
sacrificial portions of the sacrificial dielectrics to leave cavities extending into and through the 
via level, while leaving at least some of the original via level dielectric as a permanent dielectric 
under the lines; (c) partially filling or overfilling the cavities with a place-holder material; (d) 
planarizing the structure by removing overfill of the place-holder material; (e) repeating steps 
(a)-(d) as necessary; (f) forming a dielectric bridge layer over the planar structure; and (g) 
forming air gaps by at least partially extracting the place-holder material (Abstract, 11. 4-end). 

Like Furukawa and Wang, Grill fails to etch the lower metal line using a photosensitive 
film as a mask. In fact, Grill explicitly teaches patterning dielectric layers 110-140 and 
overfilling the cavities in dielectric layers 110-140 with diffusion barrier material 170 and 
conductive material 180, then removing the overfill by chemical mechanical polishing (CMP; 
see col 5, 11. 22-37 and FIGS. 1C-1E). Thus, Grill does not cure the first deficiency of Furukawa 
and Wang with regard to the present Claim 1 . 

Grill teaches that the structure of FIG. 1G (containing wiring structures 185) is overfilled 
with a sacrificial place-holder (SPH) material 220 to form the structure of FIG. 1H (col. 6, 11. 20- 
45), It is preferred that the SPH be a material that "gap fills" in a way that does not leave 
cavities that will be opened when the SPH is planamed (col. 6, U. 50-53). After forming the 
desired number of wiring and via levels (i>e*> patterned conductors, embedded in a dielectric 
matrix comprising permanent dielectric materials and SPH materials; sec coJ. 7, 11. 1-5 and FIG. 
1L), dielectric bridge layer 250 is formed and patterned with small openings (holes or 
perforations) 260 to produce the structure of FIG. 1M (see col. 7, 11. 5-7 of Grill). SPH material 
220 1 and 220 in FIG. 1M is then extracted to form the structure of FIG. IN, with air gaps 270 
(col. 7, 11. 35-36). Thus, like Furukawa and Wang, Grill fails to disclose depositing an TMD 
layer on the lower metal line pattern and the nitride film, thereby forming an air gap in the IMD 
layer between lines in the lower metal line pattern. As. a result, Grill fails to cure the second 
deficiency of Furukawa and Wang with regard to the method recited in Claim 1. 
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(Also like Furukawa and Wang, Grill further fails to disclose planarizing an IMD layer to 
expose the nitride film. Again, Grill is arguably essentially irrelevant to the presently claimed 
method.) 

Like Furukawa, Gardner discloses a process, for forming a transistor (Abstract, LI). As 
is discussed in Wolfmd Wolf ct al, formation of a transistor occurs at or below the polysilicon 
level in a CMOS integrated circuit As a result, the teachings of Gardner may not have much (if 
any) bearing on the present method, which begins by stacking a lower insulating layer, a lower 
metal line and an upper insulating layer. 

Gardner teaches that an isotropic etch may be performed on exposed lateral surfaces of 
polysilicon gate conductors 18 such that the gate conductors are selectively narrowed to a pre- 
determined lateral thickness (see col. 5, 11. 46^9 and FIG. 6), While masking structures 20 are 
preferably composed of nitride, they may comprise oxide, silicon oxynitride, or a metal. Thus, 
depending on whether masking structures 20 are nitride or a metal, Gardner discloses cither 
filling an etched portion of the upper insulating layer with a nitride film or stacking a lower 
insulating layer, a lower metal line and an upper insulating layer. It appears that Gardner cannot 
disclose both. 

Like Furukawa, Wang and Grill, Gardner fails to etch a lower metal line using a second 
photosensitive film as a mask. Like Furukawa, Gardner teaches removing select portions of 
polysilicon layer 14 and masking layer 16 to form a gate conductor 18 with overlying masking 
structure 20 using optical lithography and a dry plasma etch technique (see col. 5, 11. 31-38 and 
FIG. 4). Thereafter, Gardner discloses that an isotropic etch may be performed on exposed 
lateral surfaces of polysilicon gate conductors 18 such that the gate conductors are selectively 
narrowed to a predetermined lateral thickness (col. 5, 11. 46-49 and FIG. 6). The isotropic etch 
technique preferably involves using a wet etchant that exhibits high selectivity for polysilicon 
such that gate conductors 18 may be etched without significant etching of the overlying masking 
structures 20 (coL 5, 11. 49-53), thereby indicating to one of ordinary skill in the art that masking 
structure 20 is used as the mask for the isotropic etch of polysilicon gate conductors 18. Thus, 
assuming for the sake of argument that polysilicon gate conductors 18 correspond to the 
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presently claimed lower metal line, Gardner does not etch the lower "metal" line using a second 
photosensitive film as a mask. As a result, Gardner docs not cure the first deficiency of 
Furukawa, Wang and Grill with regard to the present Claim 1 . 

After further processing, Gardner teaches that an interlevel dielectric 38 may be CVD 
deposited from, e.g., a TEOS source across exposed surfaces of the semiconductor topography 
(col. 6, 1. 66-col. 7, L 1 and FIG. 11), The presence of masking structures 20 above gate 
conductors 18 may prevent the accumulation of dielectric material upon the sidewall surfaces of 
gate conductors 18. As a result, air gaps 40 may be formed laterally adjacent to gate conductors 
18 underneath the masking structures 20 (col. 7, 11. 1-6; emphasis added). Thus, Gardner 
deposits a dielectric material such that air gaps are formed between the dielectric material and 
polysilicon gate conductors 18, rather than in the dielectric material, between lines in the lower 
metal line pattern. 

Thus, like Furukawa, Wang and Grill, Gardner fails to disclose depositing an IMD layer 
on a lower metal line pattern and the nitride film (recall that masking structures 20 can be either 
metal or a nitride, not both), thereby forming an air gap in the IMD layer between lines in the 
lower metal line pattern. As a result, Gardner fails to cure the second deficiency of Furukawa, 
Wang and Grill with regard to the method recited in Claim 1 . 

Furthermore, Gardner appears to be silent with regard to removing masking structures 20, 
forming structures that replace masking structures 20, or forming structures that are over such 
masking structures 20 or replacement structures. Therefore, Gardner fails to disclose removing a 
nitride film to thereby form a contact hole in an IMD layer and expose an upper surface of the 
lower metal line (or any step subsequent thereto), as recited in the present Claim 1. 

As a result, it is believed that no possible combination of the cited references discloses or 
suggests removing a nitride film to thereby form a contact hole in an IMD layer and expose an 
upper surface of the lower metal line, as recited in amended Claim 1 above. Consequently, this 
ground of rejection is unsustainable, and should be withdrawn. ^> $m®&* * ^*w* f «*m**+ ^ 
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The Rejection of Claim 8 under 35 U.S.C § 103^ 

The rejection of Claim 8 under 35 U.S.C § 103(a) is respectfully traversed. 

Claim 8 depends from Claim 1, and thus contains all of the limitations of Claim 1. As 
mentioned above, the combination of Furukawa, Wang, Grill and Gardner is deficient with 
regard to (1) etching a lower metal line using a second photosensitive film as a mask until the 
lower insulating layer is exposed to form a lower metal line pattern, and (2) depositing an TMD 
layer on the lower metal line pattern and a nitride film thereon, thereby forming an air gap in 
the IMD layer between lines in the lower metal line pattern, as recited in Claim 1 . Yasushi fails 
to cure these deficiencies. 

Although Yasushi discloses removing a nitride layer by wet etching, Yasushi appears to 
be silent with regard to etching a lower metal line using a second photosensitive film as a mask 
until the lower insulating layer is exposed to form a lower metal line pattern as claimed in Claim 
1 , and depositing an IMD layer on the lower metal line pattern and a nitride film thereon, thereby 
forming an air gap in the IMD layer between lines in the lower metal line pattern, as recited in 
Claim 1. Thus, for essentially the same reasons as set forth above for Claim 1, Claim 8 is 
patentable over the combination of Furukawa, Wang, Grill, Gardner and Yasushi. Accordingly, 
this ground of rejection is unsustainable, and should be withdrawn. 

Conclusions 

In view of the above remarks, all bases for objection and rejection aTe overcome, and the 
application is in condition for allowance. Early notice to that effect is earnestly requested. 
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If it is deemed helpfal or beneficial to the efficient prosecution of the present application, 
the Examiner is invited to contact Applicant's undersigned representative by telephone. 

Respectfully submitted, 

Duller 

Andrew D. Fortney, Ph.D. 
Reg. No. 34,600 

401 W. Fallbrook Avenue, Suite 204 
Fresno, California 937 1 1 
(559) 432-6847 

ADF:adf 



Page 12 of 12 



PAGE 14/33* RCVD AT 9/13/2007 9:47:54 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-2/19* DNIS:2738300 * CSID:559 432 6872 * DURATION (mm-ss):15-00 



SEP-13-2007 18:51 



LAW OFFICES OF 



559 432 6872 P. 015 



SILICON PROCESSING 
FOR 
THE VLSI ERA 

VOLUME 1: 
PROCESS TECHNOLOGY 
Second Edition 

STANLEY WOLF Ph-D. 
RICHARD N. TAUBER Ph.D. 

LATTICE PRESS 
Sunset Beach, California 



PAGE 15/33 ' RCVDAT 9/13/2007 9:47:54 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-2/19* DNIS:2738300 ' CSID:559 432 6872 * DURATION (mm-ss):1540 



SEP-13-2007 18:51 



LAW OFFICES OF 



559 432 6872 



P. 016 



DISCLAIMER 

This publication is based on sources and information believed to be reliable, but the 
authors and Lattice Press disclaim any warranty or liability based on or relating to the 
contents of this publication. 

Published by: 

LATTICE PRESS 

Post Office Box 340 

Sunset Beach, California 90742, U.S. A. 

Cover design by Roy Montibon, New Archetype Publishing. Los Angeles. CA. 
Copyright © 2000 by Lattice Press. 

All rights reserved. No part of this book may be reproduced or transmitted in any form 
or by any means, electronic or mechanical, including photocopying, recording or by any 
information storage and retrieval system without written permission from the publisher, 
except for the inclusion of brief quotations in a review. 

Library of Congress Cataloging in Publication Data 

Wolf ; Stanley and Taubcr, Richard N, 

Silicon Processing for the VLSI Era 
Volume 1: Process Technology 

Includes Index 

1. Integrated chtnits-Vtry large scale 
integration. Z Silicon. L Title 



ISBN 0-9616721-6-1 
9 8 7 6 5 4 3 2 

PRINTED JK THE UNITED STATES OF AMERICA 




PAGE 16/33 4 RCVD AT 9/13/2007 9:47:54 PM [Eastern Daylight Time] ' SVR;USPTO-EFXRF-2f19 * DNIS:2738300 * CSID:559 432 6872 * DURATION (mm-ss):15-00 



SEP-13-2007 18:51 LAW OFFICES OF 559 432 6872 P. 017 



210 SIUCON PROCESSING FOR THE VLSI ERA 

be necessary to keep this problem under control, Furthermore, once the fused-silica furnace 
walls are coated with W they become opaque, IR radiation from the heating coils is no longer 
transmitted as efficiently through the walls as when the fused silica is transparent. Hence, 
temperature control of the wafers becomes a problem. Note that in cold-wall reactors, the wafers 
and their holders are the only hot objects in the chamber, with the wall temperatures being kept 
weD below the temperature needed to drive the deposition reactions (<150 C C). Thus, the 
problem of deposition on the chamber waits is curtailed (but note, not entirely eliminated). 
However, a large temperature gradient exists between the heated wafers and the chamber walls, 
which may also create temperature control difficulties in such reactors, 

6J.1.2 Blanket CVD W and Etchback: Tungsten can be deposited by CVD using either a 
selective or blanket process. Only blanket-W deposition has emerged as a production-proven 
process, despite the fact that it is more complex and expensive than selective CVD-W. 
Acceptance of the selective-CVD process has been slowed because some of its problems have 
not been completely overcome, including those involving loss of selectivity of deposition and 
lateral encroachment and wormholes. On the other hand, blanket CVD-W and ctchback (or 
CMP) has found widespread use for contact-hole and via filling applications in IC technologies 
below about 1 frm. Both applications require adherent, low-cost films. The plug applications, 
however, call for high step-coverage and thickness uniformity, but can tolerate higher resistivity 
than is needed for W-films used as interconnects. For filling contact holes this W-pl in- 
formation process has six steps: 

1. In situ surface pre-clean: 

2. Deposition of a contact forming layer (typically a Ti film formed by sputtering or CVD); 

3. Deposition of an adhesion/barrier layer (typically a TiN film formed by sputtering or 

CVD); 

4. Blanket-CVD of the W film (typically a two-step deposition process); 

5. Etchback of the W film: 

6. Etchback of the adhesion and contact-forming layers. 

The surface pre-cleaning step is designed to remove any native Si0 2 material on the silicon in 
the contact holes or aluminum oxide on the aluminum in vi&s. Trends are moving toward 
making this an in situ cleaning step, so that the wafer surface is not exposed to atmosphere 
between the cleaning step and the deposition of the contact and adhesion layers. Most such in 
situ processes involve either an Ar sputter clean (discussed in Chap. 11) or a "soft" plasma 
clean. After the cleaning step, the contact and adhesion layers are deposited, either by CVD or 
sputter deposition. Currently, the most widely used materials for the contact and adhesion layers 
are Ti and TiN, respectively. The thin layer of Ti (30-50 nm thick) is used under the TiN 
adhesion layer because it provides lower contact resistance to the silicon substrate than is 
possible with TiN. 100 The adhesion layer is needed because of the extremely poor adhesion of 
CVD W to such insulators as BPSG, thermal oxide, plasma-enhanced oxide and plasma- 
enhanced silicon nitride. Tungsten, however, adheres well to TiN, and TiN in turn, adheres well 
to these insulators. Thus, a method which allows good adhesion of CVD-W to the substrate is 
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achieved.* A detailed discussion of depositing these layers is provided in later sections of this 
chapter, and etching of the W and UN is described in Chap. 14. 

Next a layer of CVD- W is blanket deposited. For the W-plug applications the contact holes 
or vias must be completely filled For this to occur the step coverage (in this case, defined as the 
ratio of .the thickness at the sidewall at half depth of the hole to that of the nominal W thickness 
on the wafer surface) must be 100%. Otherwise, keyholes, or voids, will be formed (Fig. 6-47a). 
and these voids will become exposed during the subsequent W etchback step. If that happens, 
the contact holes or vias are no longer completely filled at the end of the W-plug formation 
process. In general, the hydrogen reduction gives better step coverage than the silanc reduction, 
although the deposition rate of the former is significantly lower. However, W layers formed by 
the hydrogen reduction do not nucleate reliably on the UN adhesion layers. So, in most 
commercial reactors a two-step blankct-W process is typically employed, 7 *** 1 A thin layer of W 
is first nucleated using the silane reduction (several tens of run thick). Then, the hydrogen 
reduction reaction is used to deposit the remainder of the blanket-W film. The silanc reduction 
step is carried out at relatively low pressures (-1 torr), while the hydrogen reduction uses higher 
pressures (25-80 torr). Such higher chamber pressures during the hydrogen reduction process 
significantly improve the step coverage and produce void-Cree filled contact holes and vias (Fig. 
6-47b). As described in Chap. 3* the total chamber pressure is increased by throttling the 
pumping speed. The process is run at temperatures around 450°C, where the deposition still 
operates in the surf acc-rcaction-rate-limi ted regime. Details of the higher-pressure hydrogen- 
reduction deposition process are give in Ref. 78. To get complete filling of the contact holes or 
vias, the slope of the contact sidewalls should not exceed 90°. A blanket-W processes using 
S1H2F2 and WF 6 as the reactants has also been studied and the results published, with some 
advantages claimed over the hydrogen reduction process. 82 

* TiN has been reported to have the best set of properties for this adhcsion/barricr-laycr application, and 
the best resistance to the etch gases used to etchback the CVD W. 




Fifl. 6-47 a) Blankct-CVD W films deposited into a trench with a process that result* in voids. 83 b) A 
blanket CVD W film deposited into a trench without void formation. 
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contact holes and vias. As mentioned earlier, films that are required to perform both adhesion 
and diffusion-barrier functions are also termed liners. The deposition of liner films is done by 
either PVD or CVD. PVD technology has been the traditional deposition method, and work to 
improve this method continues. However, as shall be discussed in detail in Chap. 1 1 (and briefly 
here), CVD and ion metal plasma (IMP) PVD offer potentially better step coverage over sharp 
upper edges of contacts and at the bottom corners of deep submicron contacts and vias. Here we 
discuss the CVD of the most widely used liner film titanium nitride (TiN), 

TiN is an attractive material as a diffusion barrier in silicon ICs because it behaves not only 
as an impermeable barrier to silicon, but also as a barrier to other substances attempting to 
diffuse through it In the latter cases, the activation energy for the diffusion of other impurities 
in TiN is high (e.g.. the activation energy for Cu diffusion into TiN thin films is 4.3 eV. whereas 
the normal value for diffusion of Cu into metals is only 1 to 2 eV). UN is also chemically and 
thermodynamically very stable (its melting point is 2950*C), and when in thin film form it 
exhibist one of the lowest electrical resistivities (25-75 fiQ-cm) of the transition metal carbides, 
borides, and nitrides. L L _ /1A 

The specific contact resistivity of TiN films to Si is somewhat higher than that of Ti (-10 
^a-cm 2 ), and as a result UN is ordinarily not used to make direct contact to Si. As discussed 
earlier, it is commonly used in contact structures together with an underlying layer of Ti 
(TiN/Ti/Si). Such contact structures exhibit very low specific contact resistivities to Si and 
remarkably high thermal stability. However, if a conventional reactive sputtering process is used 
to deposit TiN into high-aspect ratio recesses, an overhang of TiN is formed at the top comers 
of the contact. If too thick a layer of TiN is deposited, this overhang can eventually close off the 
hole and form a keyhole. Even if such a deposition is not allowed to proceed to the point of hole 
closure, the overhang shadows the bottom corners of the contact hole, and thinning of the liner 
film occurs there (Fig- 6-53a). Furthermore, since liner films like TiN form a columnar 
polycrystalline structure when deposited by PVD, a grain boundary is likely to be formed at the 
lower corners, where the film is already thinnest The short, high-speed diffusion paths at these 




• ■ 1 |itm 

a) x b> 

Fl 0 . 6-53 a) Simulation of sputter deposition of a film (e.g.. TiN) into a contact hole showing the 
formation of an overhang at the top comers oF the contact, and thinning at the bottom comers, b) 
Deposition of TiN by CVD showing conformal coverage. 93 Reprinted with permission of the 
Electrochemical Society. 
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^connecting neighboring devices -^ « ^ ^ ^ ^ ^ w 

levels. ^hich *™ M"^ designcd ^ ^ P 

transmit signals across the entire chip, integrated circuits, the 

15.1.14 C6St If multilevel^nterconnect proces es aro use mamtfacturcd . „ th e manufacturing 
die size should decrease. Thus. not impacted by the implementation of a 

steps add to the manufacturing cost of ^^dWon *c manufacturing yield and long-term 
proportional to the number of masking ^J^non. m process becomes more 

Sbility for a multilevel metal ^^^^lether the chip-"* reduction and 
technically demanding. As aresult, ttmust be dctenmn ^ ^ ^ du6 „ 

enhanced chip value will * "JJ ^ * 

additional incurred process costs and yield ano reua * PrnrfiSSBS 

ass :r»^-«=r=K=i — - - - 

of their properties to ensure they » W'^Jta may be^Tountered that can adversely 
Seconal P^^^teS S^S*** stringers due to .income e c 
impact manufacmring yield (eg., J£ l0 difficulty in implementing reliable 

etching over severe steps; failure to open jias due to ^. du<; l0 ^ adhesion 

endpoint-detcction techniques in the dry-etch P^'J^^ ^ feilure mo deS may be 
35 — i r ^^on^^TmS formation, which mast also 

encountered. For example el ^rC wilSficantly compromise circuit reliability- 

provided throughout the chapter. f . n( . m .. 

mi .3 Terminology of w«"^ e ^^ for mos 

Figure 15-3 shows the terminology ™1 ^ecn the polysilicon gate/interconnect 

JLlogies. The MOS struct^ h* • **£ ^SJSct^ (« .TO ™ <■*<** 
level and Metal 1. which is referred to as tne pre 
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FlQ. 15-3 Terminology of double-level metal interconnects. 



layers between metal levels are called intermetal dielectrics (/AfD). The openings in PMD are 
\ j referred to as contact holes (or contacts). They allow electrical connections to be established 

\\ between Metal 1 and polysilicon. as well as between Metal 1 and the Si substrate. Openings in 

7 the intermetal dielectric layers arc known as vias: these allow contact to be made between 

; ; Metals 1 and 2. Metals 2 and 3, etc. 

:-j ; In bipolar technology, the dielectric layer between Metal 1 and the substrate is still referred 

to as PMD t despite the fact that it may not isolate Metal 1 from polysilicon. The openings in 
. PMD are again called contact holes, although they are only used to allow contact to be 

,| established between Metal 1 and the substrate (i.e.. not poly). The notation for the other metal 

and dielectric layers is otherwise identical to that used in MOS technologies. 

'*: A distinction exists between the use of the terms multi-level and multilayer. A multilayer- 

■'j! interconnect structure is a thin film consisting of more than one layer of material, but existing at 

just one level of the interconnect system. Hence, a multilayer film can serve as the conductor 

hi! (or dielectric) at each level of a multilevel-interconncct system. 

15.2 MATERIALS FOR MULTILEVEL INTERCONNECT TECHNOLOGIES 

The two groups of materials employed in multilevel-interconnect technologies are thin-film 
\? conductors and thin-film insulators. In this section the properties of materials that have been 

adopted for use in ULSI applications will be described. 

1 &2.1 Conductor Materials for Multilevel Interconnect 

There are a variety of conductor materials used in the interconnect structure of ICs. Aluminum 
; and aluminum alloys (e.g*, Al-Si, Al-Oi, and Al-Si-Cu) have been the most widely used metals. 

Their properties and deposition method (sputtering) are described in Chap. 11. Heavily-doped 
polysilicon has also been employed, primarily as a local interconnect. This material is discussed 
in Chap. 6. Polysilicon with an overlayed metal sUicide layer (to reduce the resistance) is also 
used (with WSi 2 . TiSi 2 . and CoSi 2 being the materials utilized in such potycide structures). 
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FIfl. 4-7 CMOS inverter: (a) Circuit-diagram form; (b) 
Layout form; and (c) Physical form (in cross-section). 

tion is ready to be used to generate a set of masks that 
will serve as tools for specifying the circuit-patterns 
on silicon-wafers. This layout information is stored 
on a computer. A photograph of a completed (unpack- 



aged) IC is shown in Fig. 4-9. 

In this book the details of the integrated-circuit 
manufacturing steps summarized in Fig. 4-2 are 
discussed. These steps start when the layout-infor- 
mation has been finalized. At that point procedures 
are utilized to convert the layout-information stored 
on the computer, into a set of masks or reticles. This 
procedure is described in Chap. 20. The individual 
fabrication process- modules associated with creating- 
pattcrns, introducing-dopants, and depositing-films 
on silicon-substrates (to form the integrated-circuit* 
features) are also subjects of this volume. 

In this chapter, information is presented about 
how such individual process-modules are combined 
to create a complete CMOS chip (a subject referred 
to as process-integration). 1 ^ Note that examples of 
process-flows for fabricating bipolar and NMOS ICs 
arc given in Chap. 3 (sec Figs. 3-15 and 3-19, respec- 
tively). The CMOS-inverter shown in Fig, 4-7 can be 
used as an example of the type of IC-structure cre- 
ated by such a CMOS piocess-flow. In this figure, the 
CMOS-inverter is represented in several ways. First, 
it is shown in its circuit-schematic form (Fig. 4-7a). 
Next the layout of the completed CMOS-inverter is 




Fig. 4-8 Perspective-view of an inverter logic-gate fabricated using a twin-well CMOS technology. 
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!Rj.*4) Photograph of a completed iC-chip (unpackaged). 

given (Fig, 4-7b). Then a cross-sectional view of the 
inverter structure on an IC-chip is depicted (Fig. 4- 
7c). It is this cross-sectional form that will be used to 
step through the CMOS process-flow. Finally, Fig. 4-8 
depicts a perspective-view of such a CMOS-inverter 
IC-structure. This view includes the isolation-struc- 
tures, power-lines* signal-lines, and contacts to the 
silicon-substrate needed in CMOS. 

4 2 CMOS PBfiBBSmW 

A modern CMOS-IC process-flow involves 350 (or 
more) process steps and may take six-to-eight weeks 
to complete. The process-flow is a sequence of the 
chemical and physical operations that are perfornxd 
on the silicon-wafer. 

Here we present a 15-mask, twin-well, 2-level- 
metal CMOS process-flow. (Details about each of 
the individual processes are given in later chapters.) 
This flow is representative of process sequences used 
to fabricate CMOS-ICs from 1.2~/tm down to about 



0.35-/*m. It provides an overview of the series of 
steps employed in fabricating such CMOS-ICs. A 
cross-section (at completion of Metal- 1 processing) 
using this process-flow is shown in Fig. 4-7c. 

Twin-wetl CMOS-technology is used for CMOS 
generations below l-//m because two separate-wells 
can be formed in the lightly-doped substrate region. 
Well-profiles can be tailored independently so that 
neither device suffers from excessive-doping effects. 

Note that in this process-fiow, LOCOS-isolation 
is used (defined in Sect. 4.2.2). In more advanced 
ICs (Le., for CMOS-technologies of 0.25-/<m and 
smaller), an alternative Isolation approach, namely 
shallow-trench-isolation (STI), is implemented. The 
details of forming such STI-structures is described in 
Sect 43. 

4JL1 Staffing fflatortafl tar CMOS-ICs 

All MOS technologies use silicon-wafers with a 
<100>-Orientaiion. Typically, in twin-well CMOS the 
starting material is also either a lightly p-doped wafer 
(p-bulk-wafer\ or a heavily />-doped wafer on which 
a thin, lightly pooped epi-layer is grown (Figs. 4- 10a 
and 10b, respectively). The concentration range of the 
/>-doping in both the bulk-wafer and the surface />— epi 



; , ;> ^ v: .,,,.,,, 



a) 



b) 

Kg. WJ) Silicon starting substrates for twin-well CMOS: 
(a) p-bvUk wafer, (b) />-epi-on-/> + water. 
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LOCOS Gate Oxide , 
Field Oxide- 




Fig. 4-22 The silicon wafer surface after: (a) etching back the 
pad-oxide to bare silicon; and (b) growing the $ate-*>xide. 

performed sequentially using the same implanter, 
along with the NMOSFET V r adju$t implant. 

■4.2.5 Gate-Oxide Growth 

In the next step, the gate-oxide is formed. The growth 
of the gate-oxide is critical. A defect-free, very-thin, 
(6-20-nm), high-quality oxide without contamination 
is essential for proper device operation. The gate- 
oxide is grown only on the exposed active-region* 
(following a careful cleaning of the wafer surface just 
prior to an oxide growth-process in dry-O-,). 

Since the drain-current in an MOS transistor is 
inversely proportional to the gate-oxide thickness 

Polysillcon Film (Deposit Undoped by CVD.Then 
Heavily Dope with Phosphorus, 
by Diffusion or Ion-Implantation) 




Fl9- 4-23 A layer of cndoped-polysilicon is next nhnkei- 
deposiied using LPCVD. Diffusion or ion- implantation is 
used 10 heavily-dopc the polypi layer with phosphorus. 



(for n given set of terminal voltages), the gate-oxide 
is normally made as thin as possible (commensurate 
with oxide-breakdown and reliability considerations). 
For the 0.35-l.0-//m generations of CMOS, ihc gate- 
oxide used is 10-20-nrn thick. (Sec Chap. 13 for 
details on thin gate-oxide growth.) The wafer after 
this i>ate-oxuie growth process is shown in Fig. 4-22. 

4.2.6 Polysilicon-Deposition and Patterning 

Once the gate-oxidation step is completed, a heav- 
ily w~doped polysi licon-gate structure is fabricated. 
Polysilicon is the preferred gate material for several 
reasons. First, it can withstand the high-temperature 
steps required to form the source/drain junctions. 
Second, the poly/Si0 2 interface is well understood 
and electrically stable. The gate- formation procedure 
begins with the deposition of a 0.4-0.5-// m- thick. 
unUopcd polysilicon-film by LPCVD (Fig. 4-23, sec 
also Chap. 16). This layer is then doped with phos- 
phorus by ion-implantation or chemical-doping, pro- 
ducing a film with a sheet resistance of 20-30-Q/sq, 
The gate-structure (and polysilieon-intereon- 
nect-structures) are then patterned using Mask #6. 
Following exposure and development of the resist, 
ihc poiysilicon-film is dry-etched (Fig. 4-24). This is 
also a critical etch-step for several reasons. First, due 
to the self-aligned nature of silicon-gale technology. 

MASK #8 
Gate 




Fig. 4-24 Photoresist is applied, and Mask 116 is used 10 
define the gates of the MOSFfi'ft in the polysilicon- film. An 
aniMoropic polySi dry-eich-Stcp defines their ^atelength. 
Following this etch, the resist is stripped. 





i^:^ l R^li*to^ , ^.^W"^i^>/ , * i 
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the channel-length of the device depends on the width 
of the polysil icon-line. Hence, the gate-length dimen- 
sion must be precisely maintained across the entire 
wafer (and from wafer-to-wufer). If the gate-length 
is too long, the drain-current of the MOSFETs will 
decrease, slowing-down the performance of the fC. If 
the gate-Jcngih is too short, the source and drain may 
punch-through. In addition, the profile of the etched 
poly-gate structure should be vertical. This prevents 
variation of channel-lengths (due to penetration of the 
ions of the thinner regions of the gate sklcwalls during 
formation of the source/drain regions by ion-implan- 
tation). Finally, to achieve the above goals, an aniso- 
tropic polysilicon-etch-process must be employed. 
This process, however, requires overetching' to 
remove the locally thicker regions of polysilicon that 
exist wherever it crosses steps on the wafer surface 
(see Fig. 22-13). During this ovewch-rhne. areas of 
the thin gate-oxide arc exposed to the ctchants. Thus, 
it is necessary to use a polysilicon cich-proeess that is 
highiy-selective with respect to Si0 2 (see Chap. 22). 

kXI Formation of Source/Drain Regions 

The next step in the process-flow is the formation 
of source and drain (S/D) regions of the MOSFBTs. 
Such regions are paths of current-How in the silicon 

i i HTl 1 1 J I J I j 1 1 



Arsenic 




Oft 4-25 Photoresist is applied, and Mask H7 is used to 
cover the region* where PMOSFETs exist. A fallow arse- 
mc-tmplant provides the doping for the li %hi!\ -doped *d rain 
(LOD) regions of the NMOSFETs. 



II MASK #8 . , 

; 1 1 J 1 1 1 i 1 1 1 j 1 1 1 




Rg. 4-26 Photoresist is applied, and Mask *8 is used to 
cover the regions where NMOSFFTs exist. A shallow 
hmon-implant provides the doping Tot the tixlutx-thped- 
drain (LOD) regions of ihe PMOSFF.Ts. 

between the metal intereonnect-lines and the channel 
of the transistor. As such, it is important that they have 
the lowest possible resistance. In addition, submicron- 
MOSFETs require S/D junctions lo be as shallow as 
possible to suppress such short-channel effects as 
punchthrough fscc Rcf. 2). To obtain low resistivity, 
the S/D regions are doped as heavily as possible (typi- 
cally using ion-implantation, with a dose on the order 
of cm-- 1 ). The NMOS S/l> regions are doped 

with arsenic because it has a high-soiubiliiy. low-dif- 
fvsivjry, and a shallow projected- range at the low ion- 
implantation energies that arc used. Boron or BF. + are 
used to dope the PMOSFET S/D regions. However, 
boron has a higher-diffusivity in Si than does arse- 
nic. Hence, shallow S/D-junctions in PMOSFETs are 
harder to achieve than in NMOSFFTs. 

In submicron-CMOS processes, gate-lengths 
become so small that lightfyufoped -drain (LDD) 
structures must be used to minimize hotn-lectron 
effects, especially in NMOS devices. Thus, proce- 
dures are integrated into the CMOS process-flow to 
fabricate such LOD-struc lures. If LDD^siructures are 
needed for both PMOS and NMOS devices, two more 
masktng-layers are needed. 

The LDD-structures are formed in the follow- 
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ing way. Resist is spun on. and Mask HI is used to 
protect all the devices except the NMOS -transistors 
(Fig, 4-25). ITie lightly-doped regions of the NMOS 
source and drain are created with an ion-implant step. 
Arsenic at a dose of approximately 3xI0 ,3 -3x10 14 
cm' 3 dopant-ions is implanted ai low-energy (30-50- 
keV). The implant-process causes the edge of these 
implanted ions to be automatically aligned to the edge 
of the gate (i.e.. it is a self-aligned process). 

The resist is stripped and a new layer of resist 
is spun-on, and Mask #8 is used to protect all the 
devices except the NMOS transistors (Fig. 4-26). The 
lightly-doped regions of the PMOS source and drain 
are created with an ion-implant step. Boron at a dose 
of between 3xl0 i: *-3xK) ,4 /cm' ions is implanted at 
low-energy (30-50-keV), and the resist is stripped. 

A eon formal layer of dielectric material (usually 
SiOo or silicon-nitride) is then deposited over the 
entire wafer (Fig. 4-27). An anisotropic-etch process 
is used to clear the oxide in the flat areas while leav- 
ing spacers on the sidewallx of the poly gates (Fig. 
4-28). These spacers cover and protect the regions 
beneath them from the subsequent high~dose implants 
that form the rest of the S/D regions. 

A photoresist layer and Mask #9 is used to define 
the areas where the heavily-doped regions of the 
NMOS source and drain will be located. (Figure 
4-29). These are formed with a heavy-dose arsenic 
impl3nt*stcp (dose = 2xl0 , ^-4xl0 1 ^ As-ions/cm 2 at 
40-80-keV). A photoresist layer and Mask UW is then 

Spacer Dielectric-Film, Deposited by CVD 



mmmMmmm 




"Wfc -n 



Fig. 4*27 A conformal layer of Si0 2 or SiN is deposited by 
CVD in preparation for Ihc sidcwaJl-spaeer formation. 



Poty-Gate Sidewal! Spacers 
formed by Anlstropic Etching, 




Hg. 4-28 The deposited dieleclrie-layer is ctchcd-back 
anisotroppically, leaving sidewail -spacers along the edges 
of the polysilicon gate-structures. 

used to define the areas where heavily -doped PMOS 
source/drain regions will be located (Figure 4-30). 
These are formed with a heavy-dose boron implant- 
step (dose = Ixl0 ,5 -3xl0 15 B-ions/cm 2 at 50-keV). 

In the final step of the active-device formation 
process, a furnace anneal (typically at -"900°C for 30 
min. or u mpid-thermal-anneal [RTA1 for^l min at 
1000-!050°C) is carried out. This thermal-step acti- 
vates all the implants, anneals the implant-damage, 
and drives the junctions to their final depths. 

4.2.8 Formation or TISi 2 Sallclde 

After siripping the thin-oxide on the active-Si regions 
and cleaning the wafer surface (to ensure that no 

1 1 iTfl 1 111 1 1 1 1 1 



Phosphorus 




Flfl. 4-29 After applying resist, Mask #9 is used to cover the 
regions wjih PMOSFEHs. A phosphorus-implant is used to 
form ihc « + 'SOiircc7drain regions of the NMOSFliTs. 
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Bg. 4-30 After applying resist. Mask ttlQ is used to cover 
the regions with NMOSFETs. A boron- implant is then used 
to form the/? + -source/drain regions of the PMOSFETs. 

native-oxide exists on the exposed silicon of the 
active regions and on the polysilicon-gates. pjg, 
4-31), a thin-layer of titanium (Ti) is deposited by 
sputtering (50-KX)-nm thick. Fig. 4-32). The next 
step makes use of two chemical reactions. The wafers 
are first heated to 600°C in an N 2 -ambient for a short 
time (about l-min). At this temperature, the Ti reacts 
with Si where Ihey are in contact to form TiSi 3 . TiSU 
forms a low- resistance -contact to silicon, and it is also 
an excellent conductor. The water is then immersed in 
a solution of NH 4 OH:H,0 2 :H 2 0 (1:1:5) to selectively 
remove the unreacteil Ti (i.e., on regions of the wafer 
covered with Si0 2 ). but the TiSi. remains in regions 
over Si where it had reacted (Fig, 4-33). After this 



Bg. 4*31 An etch-step is used to remove the thin-oxide 
layer that covcre the source/drain and gate-poly regions of 
all MOSFETs, in preparation for salicide formation. 




Rg. A thin-foyer of titanium (Ti) is biankct-depositcd 
over the wafer-surface by sputtering. 

Ti-eteb-step. the wafer is healed to 800°C tor about 
1 -minute in N 2 (to reduce the resistivity of the TiSU- 
layer to its final value of - I Q/sq). Figure 4-34 shows 
the details of the Ti-salicidc formation process. 5 - 6 

&2JJ Prrasetat-fixifte iDeposffion and 
Ptaattartzalioii, 2itd Coflta^FtmBafion 

Following formation of the source and drain regions 
and the Ti-salicide structure, a doped dielectric4lim is 
deposited by CVD. This layer is known as an interlevcl 
dielectric (ILD): Contact^w'mdows arc opened in this 
dielectric-layer to alJow electrical connections to be 
made between Metal- 1 and the following structures: 

Mask and etch Ti, 9tfp Resfet 
and Then Stater to Form Ti-Satickto 

7 * ^ 




OS- *-33 A lower-tcrnpcrature anncal-step (600°C, l-min 
RTP in N : ) converts the Ti to TiSi 2 on regions where Ti is 
contact with Si. Elsewhere, Ti does ikM react, and can there- 
fore be selectively removed with a wct : etch step. A second, 
highLT-temperatiirc anncal-sicp (800X. Nmin RTP in N : ) 
converts the TiSU to its final, lower resistance form. 



as*-., 
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metal 
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Fig. 4h3ft Process sequence used to form tianiuro-salicidc: 
(a) Form the standard MOSfHT structure up to source and 
drain; (b) Form side wall-spacers; (c) Deposit Ti-film and 
react to form TiSi 2 in regions where Ti is in contact with Si; 
(d) Selectively remove unreacted Ti film: (e) a perspective 
drawing of the final salicidc-suructurc. 

1) source/drain contact regions: 2) gate contacts; 3) 
substrate-contact regions; and 4) weli -contact regions. 
A CVD-process is used to deposit this doped Si0 2 - 
^. ^^^.tilmjabout 1-//m thick), onto the wafers (see Chap. 
- ^¥^Ysm& of this process). The dopant hi ihtSiO* 



Deposit Inter-LevcJ-Dielectric(ILD) Layer by CVD, 
Then Planarize this Layer wrth Oxide-CMP Process 




Hfl. A conformal intcrlcvel-dielectric layer (typically 
CVD-Si0 2 ) is deposited. Then chcmic<M-mcchanical pol- 
ishing (CMP) is used to planarize the steps of the 1LD. 

is either phosphorus (P - in which ease the material is 
referred to as phosphoxilicafe glass or PSG\ or both P 
and B {borophosphosilicare glass or BPSG), 

The doped CVD Si0 2 -layer plays several roles in 
the fabrication and operating aspects of the circuit, 
first, it acts as an insuhring-layer between polySi and 
Metal- 1. Second, it reduces the parasitic-capacitance 
between Metal-I and the substrate. Third, adding P 
to the glass makes the layer an excellent getter of No 
ions (contamination by Na can destabilize the V T of 
a MOSFET). The PSG (or BPSG) binds otherwise 
mobile Na-atoms in the doped-glass layer, preventing 
them from reaching the gate-ojude and altering V T . 

Note that the surface of the wafer after the ILD 
deposition is highly nonplanar. For the sake of reduc- 
ing potential problems with metal discontinuities, it 
would be preferable not to deposit Ihc metal directly 
on such rough topography. To avoid having to do this, 
a variety of techniques were developed to planarize 
(or flatten) this topography, including BPSG-reflow 
(see Chap. 16). 

However, the method that provides the highest 
level of planarity is chemical-mechanical polishing 
{CMP\ and is described here (see also Chap. 23). 
The ILD-layer is deposited thicker than the largest 
steps present on the wafer surface (that is, thicker 
than ~l-/<m). The wafer is then placed face-down in a 
CMP-tooL and its upper-surface is polished-flat using 
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a high-pH silica-slurry. This CMP-process results in a 
structure thai is shown in Fig, 4-35. 

Contact-openings are next created by a lithogra- 
phy-and-eich step (Fig. 4-36). After applying resist, 
Mask #/ / is used to define contact-patterns in a photo- 
resist-film. A dry-etch process is then used to open the 
contact-windows through the ILD to the underlying 
polySi and the source/drain regions in the silicon. 

This contact-opening step can be critical, as the 
contact size and its alignment to underlying patterns 
limit the minimum-size of the device. The source/ 
drain regions must also be large enough tor the con- 
tact to fit. with an allowance for alignment tolerance. 
If the contact opening exposes a part of the substrate, 
the drain or source will be shorted to it. Likewise, if 
the contact-opening overlaps the both the source/drain 
and the gate, a short will be created between them, 

42.10 MetaM Deposition ami Patterning 

After the contacts have been opened, the metallization 
layer is deposited. Because the metal-layer is highly 
conductive, it Ls used whenever possible to intercon- 
nect circuit-elements and to carry large amounts of 
supply-current. Metal interconnect-lines must have 
sufficient thickness, width, and step-coverage to keep 
the current-density in each line below the level thai 

MASK #11 



A 



Mask and Etch Contact Holes In ILD 




Fig. 4-36 After applying resist, Mask #1 J is used to pat- 
tern the contact-opening regions. A dry-etch step is used to 
anisotropicaJIy etch the ILD layer to allow connections to 
be made to the silicon-substrate (and polysilicon layers). 



Deposit TiN-liner by PVD, and W-flfm by CVO 




Fig. 4-37 To form the tungsten -contact holes, an adhe- 
sion-layer of titanium-nitride (TiN) is first blanket-sputter- 
deposited onto the wafer. Then a CVD-process is used to 
blanket-deposit a film of tungsten. "litis W-flim completely 
fills the contacl-holes. 

could produce electromigration failure (see Rcf. 2). In 
addition, the space between adjacent metal-lines must 
be large enough so that the lines never touch, even 
finder worst-case process variations. 

The metallization-structure is formed using two 
separate processes: 1) W-plug formation; and 2) main 
inicrconnccr-lme formation* using an Al:Cu film. In 
the W-plug formation-process a thin barricr/giue 
layer of Ti/TiN is first blanket-deposited by sputter- 
ing (a few tetis-of-nm thick), ft provides good adhe- 
sion to the Si(3 2 and other underlying materials, as 
well a* serving as an effective barrier-layer between 
the upper and lower metal- layers. The next step is 
deposition of a blanket-W layer by CVD. as shown 
in Fig. 4-37. CMP is then used to planarize the wafer 
surface, and to remove the W and Ti/TiN everywhere 
but in the contact-holes. Thus, W-plugs are formed, as 
shown in Fig. 4-38- 

The main- interconnect lines are formed from 
Al:Cu-alIoy films that are deposited next by sputter- 
ing. A rcsist-layer and Mask #12 are used to define 
these main interconnect-line patterns (Fig. 4-39), 
which arc then formed using a dry-etching process 
(Fig, 4-40). Note that Cu is replacing AlrCu in some 
of the most advanced IC-technologies, because of its 
higher-conductivity and better electromigration resis- 
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Fonn WHP**0» by ^ng CUP to Remove the 
W-fBm and the KH fUm on the Top ILD Surface 




fltt. 4*38 The W and TiN that is deposited on the top sur- 
face of the ILD is removed by a CMP process, leaving just 
W-plugs. 

tance (sec Chap, 24). Figure 4-41 shows a SEM of 
At:Cu-interconncct-rines (Metal- J) and W-plugs. 

If a single-level of metal is used in the CMOS pro- 
cess, a sintcrin%-$tep occurs after the meiaJ has been 
patterned. This step brings ihe metal and the «+ And 
p + regions in the silicon into intimate contact. Such 
intimate contact between the metal' and the heavily- 
doped Si regions establishes low-resistance ohmic 
contacts. The annealing-process al*o exposes the 
wafer to a 375-50O°C temperature in an H 2 * or N 2 
+ H 2 (5%) ambient for about 30 minutes. This step 
also serves as die annealing-process for reducing the 

MASK #12 Deposit AfcCuABoy film 3»KJlteA It 




Hit 4-3B An AlrCu alloy film fs sputter deposited onto the 
wafer. Photoresist is applied and \4siskJN2 is used to define 
the Metal- J lines dial be formed from the Al:Cu Mm. 



Etct» AfcCu Alloy Rb» wd Slrfp Buwi 




fte- 4-40 The Al:Cu Metal- 1 lines are created by using an 
anisotropic Al dry-etch process. The resist then stripped. 

interface-trap-density in the gate-oxide that was intro- 
duced by earlier processing steps (see Chap. 13). 

h2A% InteFiR^aHIlsleim Bejmsttlon, via- 
Patterning* awl MaJaJ-2 DftPOSHIw art Etch 

Most modem UUSI technologies use more than one 
level of wiring on the wafer surface. This is because 
in complex circuits it is usually very difficult to com- 
pletely interconnect all the devices in the circuit with- 
out using multiple interconnect-levels. The processes 
used to deposit and define each level are similar to 
those we described for Metal- 1 . Here we show a two 




US- Ml A SEM of a Melal-1 interconnect-struciurc 
formed with W-plugs and Al:Cu intcrconncui-Iines. Note 
th;it the ILD has been removed to make it possible to see 
the W-pJogj., Photograph courtesy of ChipWorks. 
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MASK #13 & MASK #14 

J 



Form IMD, Metal-2, 
and Passivation 
^\ Layer 




Fig. 4-42 Metal-2 is formed with the same steps as those 
shown in Figs, 4-35 to 4-40. Mask M3 is used to define 
rhe via-holes between MetaM and Mctal-2. Mask #14 is 
used to define MetaJ-2. A final passivation-layer (typically 
CVD-oxide. or CVD-nitridc - or both) covers the chip. 

level-metal interconnect structure, but the faceplate of 
the chapter shows a cross-sectional drawing of an 1C 
with 6-lcvcls of metal. 

To create the second interconnect-level, an inter- 
metal dielectric {IMD) must first be deposited. It elec- 
trically isolates the Metal- 1 layer from the Metal-2 
layer. Next, via* must be opened in this IMD-layer so 
that electrical connections can be established between 
Metal-2 and Metal- 1 at desired locations (Mask #/_?). 




H9- 4-43 SEM of an IBM circuit showing a twp-level-metol 
interconnect structure formed with W-plugs and Al-lines. 
Photograph courtesy of Chip Works. 

W-plugs and an AlrCu-layer and a lithographic-step 
using Mask It 14 are used to form the Metal-2 inter- 
eonnect-stmcuires (Fig. 4-42). Figure 4-43 shows a 
SEM of a two-level-metal structure formed u$ing Al- 
lines and W-plugs. 

As noted above, more advanced ICs now use more 
than 2-levcls of metal interconnects. Figure 4-44 
shows a SEM of a tbur-lcvel intereonnect-structurc. 
More details about fabricating such multilevel inter- 
connect-structures are found in Chap. 24 and Ref. 3. 

4.2.12 Passivation Layer and Pad Mask 

Finally, a passivation (or overcoat) layer, such as 
CVD-PSG or plasma-enhaneed-CVD silicon-nitride 



mm mm : :^t ™ ^ 7 
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Flo." 4-44 SEM of 4-lcvcl-mcSn5S^S^Gctu ro . Courtesy of ChipWork*. 
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